The Atlantic salmon, Salmo salar, shows geographically structured differentiation at various classes of molecular genetic variation, among and within river stocks. Nuclear microsatellite locus variation at multiple loci has been exploited for more than a decade as a marker for the continental origin of fish caught at sea in distant-water fisheries. However, a simpler, more cost-effective, but still accurate, assignment can be obtained using a single microsatellite locus in combination with a mitochondrial DNA (mtDNA) single-nucleotide polymorphism (SNP) detected by restriction enzyme digestion. Following on from this, a preliminary study was made of the potential for using mtDNA SNP variation to enhance the resolving power and cost-effectiveness of within-continent assignment of European salmon as determined using microsatellites. Variation in 20 mtDNA regions, encompassing 43% of this genome, in 330 salmon from 29 rivers across Europe, was analysed. High levels of inter-individual and inter-river variation were found, as well as evidence of regional differentiation paralleling observed microsatellite differentiation. The observations indicate scope for using mtDNA SNPs along with microsatellites for genetically based assignment of European salmon to region and river of natal origin, but further study is needed.
Introduction
Inherent differences among genetic populations, or phylogeographic groups, can potentially be used as markers or tags in ecological studies to resolve population structuring and determine the origin of individuals (Schwartz et al., 2006; Palsbøll et al., 2007) . The extent to which this is possible depends on the nature of structuring, including the extent of genetic isolation and evolutionary divergence among populations (Waples and Gaggiotti, 2006) . Equally, it depends on identifying DNA loci at which differentiation has evolved as a result of genetic drift or selection. In most species, the variable loci used as tags represent, at best, an optimized subset of an arbitrary set of available polymorphic loci.
Because they are derived from arbitrary DNA loci, most of the sets of loci used are unlikely to represent the most divergent loci, to be the best possible set of population markers for resolving population structuring and assignment of natal origin, or to be the most cost-effective choice. Identification of the best loci would maximize the resolving power and assignment success, but finding them poses a significant challenge given the size of most genomes and because different loci may be optimal in different parts of a species' range. However, the scope for improving the existing sets of marker loci is being facilitated by recent advances in genome sequencing technology, which allow rapid genome scanning for polymorphisms at acceptable cost (Davey et al., 2011) .
Most Atlantic salmon (Salmo salar) are anadromous, spending their early life in rivers, undertaking a marine migration, and returning to their natal river to spawn and complete their life cycle (Webb et al., 2007) . Attempts to exploit the potential of molecular markers to ascertain the origin of salmon began in the late 1960s, and the ensuing genetic studies have dramatically improved understanding of the structuring of the species into distinct populations and phylogenetic groups. The collective body of work that has emerged indicates that North American and European salmon stocks represent two essentially isolated phylogenetic groups that, arguably, should be considered distinct subspecies and provides the basis for assigning salmon to their natal continent of origin with effectively 100% certainty (Koljonen et al., 2007, and references therein) . It also clearly identifies further substantive phylogenetic substructuring within these two continental groups as well as phylogenetic and meta-population structuring within rivers .
Molecular genetic differentiation among rivers and regions has been exploited for natal assignment of fish on a regional or riverspecific basis within continental stock groups in a few contexts Gauthier-Ouellet et al., 2009; Griffiths et al., 2010; Sheehan et al., 2010) . Recently, efforts have been made to develop a robust, comprehensive methodology for withincontinent, regional, or river-specific assignment. For European salmon, a microsatellite-based assignment tool (Genetically based Regional Assignment of Atlantic Salmon Protocol-GRAASP) has been developed through the EU-funded SALSEA-Merge Project with the goal of increasing understanding of the marine ecology of salmon in the Northeast Atlantic (http://www.nasco. int/sas/salseamerge.htm).
GRAASP, as it is currently implemented, provides a costeffective assignment of European salmon to broad regions using microsatellite markers, although in some cases river-specific assignment can be achieved. The suite of microsatellite loci used does not, usually, allow for fine-scale regional or river-specific Figure 1 . Map of the locations of rivers from which samples were analysed; heavy lines delineate regional groupings of samples used for stratified resampling (see text).
assignment. However, the work that has been carried out does show regional differentiation of river stocks at finer scales , even between adjacent rivers, suggesting that accurate river-specific assignment may be possible (e.g. Wennevik et al., 2004; Ryynänen et al., 2007; Grandjean et al., 2009; Tonteri et al., 2009 ) if a suitable set of DNA markers can be identified for river stocks and their constituent populations.
Mitochondrial DNA (mtDNA) is an independent, maternally and essentially clonally inherited, haploid component of the salmon's genome. It evolves rapidly as a consequence of a high mutation rate and shows higher levels of population differentiation than many nuclear genes owing to a lower effective population size (Hansen et al., 2007) . Its potential as a population marker was first investigated in respect of continent of origin (Bermingham et al., 1991) , and an mtDNA restriction fragment length polymorphism (RFLP) was used by Gilbey et al. (2005) with a single-nuclear microsatellite locus to provide a simple, highly cost-effective marker suite for assigning continent of origin of Atlantic salmon with a projected accuracy of .99%. Studies of restriction enzyme-and sequencing-detected polymorphisms show substantive regional and river-specific differences in variant frequencies (Verspoor et al., 2002, b; King et al., 2007) , suggesting that some variation may be suitable for use as intra-continental population markers. However, the full extent of regional and inter-river mtDNA differentiation is unclear because, in most population studies, only a small part of the mtDNA genome (generally ,5%) or a small part of the species' range has been screened. A complete analysis of the mtDNA genome was carried out by So (2006) but was severely constrained by the number of fish (n ¼ 14) and locations (n ¼ 9) screened.
Here, we describe a broad-scale preliminary assessment of the nature and extent of mtDNA single-nucleotide polymorphism (SNP) in European Atlantic salmon. The aim of the study was to provide an unbiased assessment of mtDNA SNP variation, the extent of population differentiation, and the potential for exploiting this variation as population markers. The study exploits recent advances in enhanced polymorphism screening capacity provided by next-generation DNA-sequencing methodologies.
Material and methods

Samples
The study involved the screening of mtDNA variation in 330 individual salmon from 29 rivers across Europe, with numbers analysed ranging from 6 to 12 fish per river. The rivers selected are broadly geographically representative of (Figure 1 ) and encompass the main phylogeographic regions suggested by allozyme studies (Verspoor et al., 2005a) . The samples analysed were derived from archived fin tissue that had been collected during studies over the past two decades and preserved in ethanol.
DNA extraction and sequencing
DNA was extracted using commercially available DNA extraction kits (Qiagen). Screening for variation was carried out in a single sequencing run using a novel approach developed by combining the traditional polymerase chain reaction (PCR) amplification of known gene regions with 454 Titanium FLX (Roche, 454 Life Sciences) technology (Fridjonsson et al., 2011) . The method employs a unique combination of bar-coded primers and a partitioned sequencing plate to associate each sequence read with an individual. The approach allowed sequencing of extensive regions of the mtDNA genome for a large sample group (546 individuals) in a single run, making it both quick and cost-effective. In all, 20 independent regions of 311-384 bp were sequenced for each individual, encompassing a total of 7215 bp (Table S1) , 43% of the 16 665 bp in the Atlantic salmon mtDNA genome (Hurst et al., 1999) . The choice of regions was guided by the total mtDNA sequence analysis of 14 salmon from across the species range by So (2006) and focused on regions shown to have the highest levels of polymorphism. Sequence reads were aligned according to the S. salar mitochondrial reference sequence (NC_001960.1), and the presence of an SNP was accepted as valid if (i) sequence reads were produced from both DNA strands, (ii) they occurred in a minimum of 90% of replicate sequence reads, and (iii) they were in more than one individual. The average number of reads supporting each SNP per individual was 27.3, with an s.d. of 11.7 (Fridjonsson et al., 2011) . 
Analysis
Composite SNP profiles of the individual fish were assembled from sequence data for the 20 amplified fragments. Given the small sample sizes, all individuals were used in the analysis of the distribution of haplotypes among locations, including those with ,5% missing sequence data. For those fish, missing bases were conservatively assumed to be the same as the nearest haplotype in the same or an adjacent population sample. The relatedness of the haplotypes identified was assessed based on numbers of pairwise differences and a minimum evolution (ME) tree constructed for inferring the evolutionary relatedness of haplotypes using Mega4 (Tamura et al., 2007) . A cumulative plot of the number of haplotypes identified with progressively increasing numbers of amplicons was constructed manually, based on 26 of the 29 populations sampled; the best-fit curve was determined visually using SlideWrite Plus software (Advanced Graphics Software). Individual plots of haplotype diversity as a function of sample size were generated by the rarefaction function in PAST v2.11 (Hammer et al., 2001) . The relationship between the numbers of populations sampled and the numbers of haplotypes observed was generated by manual resampling of the populations stratified by the regional groupings as indicated in Figure 1 .
Average pairwise differences among individuals within, and corrected average pairwise differences among, populations were calculated and tested for significant differences between samples. Additionally, an AMOVA of within-and among-group variation was conducted. Both tests were carried out using Arlequin v3.5 (Excoffier and Lischer, 2010) . The regional groups used in the AMOVA correspond closely with those identified by microsatellite data (J. Gilbey, pers. comm.) and fit within those observed using allozymes. These were: (i) Rynda and Teno; (ii) Namsen, Eiravassdraget, and Bjerkreimselva; (iii) Tweed, North Esk, Ugie, and Oykel; (iv) Laxford, North Uist, Awe, and Feochan; (v) Stinchar, Eden, Conwy, Blackwater, and Taw; the remaining individual samples were each treated as a distinct group. A Mantel test of association of genetic and geographic distance was calculated using PAST v2.11 (Hammer et al., 2001) . For the Mantel test, a geographic distance matrix was generated using the Geographic Distance Matrix Generator (Ersts, 2011) and the pairwise population genetic distance matrix generated by Arlequin v3.5. Using the latter matrix, an ME clustering tree was generated using MEGA4.
Results
The SNP variation observed within and among the 330 individuals screened defined 139 haplotypes for which SNPs are defined in NCBI and haplotype composition in Supplementary Table S1 . There was uncertainty in the assignments of just 7 of the 330 fish to haplotypes based on missing information. Those fish could have been assigned to either of two closely related haplotypes differing in 1 bp. The haplotype frequencies observed across samples are shown in Table 2 . As summarized in Figure 2 , no haplotypes were observed in all samples, only three occurred at ten or more locations, only 12 were observed in fish from two or more locations, and 89 were in just one sample.
Based on genetic relatedness, the haplotypes clustered into five major groups based on pairwise differences (Figure 3) , with most haplotypes found in one of these groups and with the other four groups containing 2 -4 haplotypes each, of which three clusters are particularly distinctive. The four most common haplotypes (16, 66, 67, and 96) are found in the largest major cluster. The most distinct grouping is the 136, 137, and 138 cluster; within this group, haplotypes differ from each other by 1-3 bases. In contrast, they differ from all other haplotypes in all the other clusters by 64-78 base changes, a sequence divergence of 0.89-1.08%. The remaining haplotypes divide into one large and three smaller clusters among which haplotypes differ at 10-20 bases compared with 1-10 bases between haplotypes within these groups. The largest of these three clusters shows further substructuring into three more poorly defined groups, and these in turn are divided into smaller groups of more closely related haplotypes, with most haplotypes within smaller clusters separated by 1-5 base differences.
The number of haplotypes defined within each amplicon varied from 3 to 11, with a fourfold variation in the number of haplotypes defined per SNP (Table 1) ; the number of SNPs per amplicon varied from 4 to 13 that, when corrected for amplicon size, showed a fourfold variation in SNPs found per base pair sequenced. In some cases, such as one part of the ND4 gene, only 1 in 3 of SNPs were associated with a new haplotype, whereas in the second part of the CoxII gene, the number of haplotypes defined was greater than the number of SNPs, owing to the SNPs in this region showing a degree of independent assortment. However, within most regions, between 50 and 100% of SNPs defined new haplotypes; across the total sequence analysed, 80% were associated with unique haplotypes. The number of haplotypes resolved increased progressively with the number of amplicons (Figure 4 ) across the 20 regions sequenced, starting from the D-loop and adding regions clockwise to the CytoB gene region. The best fit to the cumulative curve is a second-order polynomial, suggesting that, in general, as the number of amplicons added to the analysis increased, there was a decreasing number of new haplotypes added per base sequenced. However, there was considerable variation in the number of new haplotypes added depending on the amplicon. For example, the addition of amplicons 6 and 9 (Figure 4 , Table 1) gave 1-2 new haplotypes, whereas including amplicon 10 added 18 new haplotypes.
Stratified subsampling of populations shows the number of haplotypes to be a direct function of the number of populations screened ( Figure 5 ). The best-fit curve for the observed relationship is also a second-order polynomial and suggests that the numbers detected with each additional population may be decreasing gradually, with a possible plateau in haplotype numbers Figure 2 . The number of locations with a haplotype plotted against the total number observed for that haplotype, for all 139 haplotypes detected in samples; numbers indicate the number of haplotypes with a given value.
Regional mtDNA SNP differentiation in European Atlantic salmon predicted when the numbers reach 50-60. In contrast, with one major exception, the rarefaction curves for haplotype diversity as a function of sample size show a more or less linear increase in haplotype diversity with increasing size of sample (Figure 6 ). For the River Allier, the curve begins to level out, suggesting that the estimate of haplotype diversity from that location is less constrained by sample size than is the case for the other locations.
A large proportion of samples show significant pairwise differences (Table 3) . Overall, there is no significant association of genetic differentiation with geographic distance among samples (Mantel test r ¼ 0.009, p ¼ 0.42), and patterns of pairwise differentiation are complex and do not appear entirely unlinked to geography. This arises because sites which are both geographically distant but proximate in the sampling scheme can be genetically relatively similar (e.g. the Neva and Pechora samples), whereas those that are geographically close can be relatively highly divergent (e.g. the Hofsa and Olfusa). This apparent randomness is widespread, but there is also some evidence of regional patterns of differentiation (e.g. Iceland vs. all other regions, the close relatedness of the Teno and Rynda, and the close relationship of the Pechora, Pongoma, and Neva). Pairwise differences among geographically close rivers, recognizing the somewhat arbitrary Figure 7 , and an overall ME tree based on pairwise differences is shown in Figure 8 . Molecular analysis of variance shows that the frequencies of haplotypes in the samples are highly significantly heterogeneous among the defined groups, and approach significance among samples within groups ( 
Discussion
The assessment of the potential for using mtDNA variation as population markers was made possible by technological advances that allow cost-effective sequencing of a large proportion of the Atlantic salmon mitochondrial genome in a large number of individuals, using a novel next-generation sequencing protocol (Fridjonsson et al., 2011) . Robust assessment of this potential requires screening large numbers of individuals from a representative set of populations across the geographic distribution of the species of interest, for much if not all of the mitochondrial genome. Previously, given available technology and the cost of screening, studies have only been able to examine: (i) large numbers of individuals for a small number of RFLPs (Verspoor et al., 1999; Nilsson et al., 2001) or, less commonly, for SNP variation in a small PCR-amplified fragment (Verspoor et al., 2005b) ; Regional mtDNA SNP differentiation in European Atlantic salmon Table 3 . Corrected average pairwise differences in base composition among haplotypes within (diagonal) and among populations (below diagonal), and the significance of differences among populations (above diagonal). 1.4 1.1 1.8 2.1 1.7 2.6 1.5 1.4 1.0 2.3 1.6 1.8 3.1 2.0 2.0 1.6 1.9 3.4 3.4 0.9 2.1 * Hofsa 2.2 2.4 2.7 3.2 2.0 3.9 1.6 1.6 2.4 1.5 1.2 1.2 2.1 1.3 1.9 2.1 1.4 1.7 1.3 1.9 1.6 1.2 1.3 1.5 1.9 3.0 2.0 2.9 7.5 n.s., not significant. # Significant. *Significant after Bonferroni correction for multiple tests, for p , 0.05.
(ii) a small number of individuals for large parts of the genome using large numbers of restriction enzymes (Bermingham et al., 1991) ; or (iii) small numbers of salmon for the entire mtDNA genome (So, 2006) . However, the potential for using mtDNA variation as a marker has been demonstrated in some cases, e.g. continent of origin (Gilbey et al., 2005) , and regional differentiation is known, both in North America and Europe (King et al., 2007, and references therein) . This suggests that there is potential for its application on smaller regional scales within continents. The analysis of mtDNA SNP variation in European salmon presented here reinforces this view, significantly advances existing understanding of general levels of diversity, and suggests a high level of mitochondrial diversity within and among rivers. However, the full extent of regional and inter-river differentiation remains to be elucidated. Because of the high levels of diversity and the relatively limited sampling of rivers and of individuals within rivers, the number of samples and the sample sizes screened are inadequate. They do not provide an accurate and precise account either of the number of different haplotypes present or their frequencies, or of inter-river differentiation. That said, the results strongly suggest that haplotype distributions and frequencies differ significantly among most river systems and that there is also likely to be regional differentiation that can be expected to mirror, at least in its broad patterns, that observed at nuclear loci .
The fact that there are few haplotypes shared between even geographically adjacent samples supports the view that there is a high level of uniqueness in haplotype frequencies between populations. Three considerations suggest that the number of haplotypes identified is likely to be a fraction of the mtDNA variation present in European salmon stocks. First, haplotype numbers in almost all populations are a linear function of sample size and do not plateau with increasing numbers of individuals sampled as would be expected if most haplotypes had been resolved. The same is true of the number of populations sampled. Second, the analysis suggests that the rate of increase in the number of haplotypes with increasing numbers of samples is only starting to decline. As such, it is expected that the amount of diversity found would increase substantially by both increasing sample sizes and increasing sample numbers. Third, only 43% of the Figure 7 . Relative degree of similarity between geographically neighbouring samples based on mean pairwise base differences between haplotypes in samples. Dotted lines show the separation of the samples into regional groups based on the microsatellite dataset.
Regional mtDNA SNP differentiation in European Atlantic salmon mtDNA was screened and the actual number of haplotypes in the 330 fish examined is undoubtedly higher than this partial analysis of the mtDNA genome shows. Hence, a more extensive genomic analysis would be expected to show many of the haplotypes resolved here to represent heterogeneous classes. However, the increase in the number of haplotypes resolved appears to be starting to decline with increasing numbers of amplicons, suggesting that further screening of more mtDNA regions may not be as useful as extending the number of populations surveyed and the number of individuals screened per population. Conversely, the data also show that the number of new haplotypes added does vary considerably across the mtDNA molecule.
Further research will be most productively focused on a more extensive analysis of both populations and individuals within populations. This need not involve the screening of all SNPs because often different SNPs are exclusively associated with a single haplotype and only one may be required for its resolution, reducing the number of SNPs that need to be screened without losing information. Extending further work on individuals and populations will provide a baseline to exploit those haplotypes which show regional and river-specific variation for assignment purposes.
The findings of the current study accord with observations of previous work based on RFLP and sequence analysis of more restricted parts of the Atlantic salmon mtDNA genome that reveal regional differentiation on different spatial scales. Major differences have previously been reported between Baltic and Atlantic salmon stocks in Europe, as well as among regions for restriction enzyme-detected SNP variation (Verspoor et al., 1999; Nilsson et al., 2001) . Regional variation on smaller spatial scales has also been reported within the Baltic (Nilsson et al., 2001) , but a detailed analysis of regional RFLP variation among European Atlantic salmon stocks has not been conducted. The only report of small-scale regional variation is that of Verspoor et al. (2002) , who found that one RFLP identified in the ND1 gene region and resolved by the restriction enzyme AluI was only present in populations of salmon in the inner Bay of Fundy. This work was extended by sequence analysis of two 350 bp regions of this gene in 743 salmon from 26 rivers (Verspoor et al., 2005b) . That study found regional differentiation encompassing low frequency regionally restricted haplotypes among salmon populations in the inner and outer Bay of Fundy, and along the south and eastern shores of Nova Scotia.
Based on the results of the current study, the lack of evidence for regional structuring seen in existing mtDNA studies most probably arises because it is based on a limited and arbitrary screening of the mtDNA molecule, with a few restriction enzymes that resolve widespread polymorphisms. This misses most variation that is local in its occurrence and that shows high levels of inter-region or inter-river differentiation. Given the existence of a high degree of regional variation at nuclear genes (Verspoor et al., 2005a; King et al., 2007) , it might be expected that the same or even greater levels of differentiation should be seen in relation to mtDNA given the greater potential for population differentiation inherent to this component of the genome owing to its lower effective population size and higher mutation rate (Hansen et al., 2007) . There is concordance of small-scale regional patterns of differentiation in Atlantic salmon stocks in eastern Canada, where both classes of variation have been more extensively studied (O'Reilly et al., 1996; Verspoor et al., 2002 Verspoor et al., , 2005b , and it has recently been supported by studies of nuclear SNP variation (Freamo et al., 2011) .
The observations reported here, insofar as they relate to regional and inter-river differentiation, are not inconsistent with significant regional structuring being present in Europe and with the observations of studies to date. However, outside the Baltic, the situation is decidedly inconclusive, and the current findings do Figure 8 . ME tree of the relatedness of the population samples based on the number of pairwise base differences between individuals in samples. Table 4 . Results of AMOVA for within-group and among-group variation in haplotype frequencies, with the groups being (i) Rynda and Teno, (ii) Namsen, Eiravassdraget, and Bjerkreimselva, (iii) Tweed, North Esk, Ugie, and Oykel, (iv) Laxford, North Uist, Awe, and Feochan, (v) Stinchar, Eden, Conwy, Blackwater, and Taw, and the remaining individual samples being each treated as a distinct group. not significantly change this situation. The analysis of variation within and among groups, based on the regional groups suggested by the more detailed microsatellite analysis (J. Gilbey, pers. comm.) , shows significant differences between these regions in the absence of any general association of genetic and geographic distance. However, the proportion of variation observed within rivers and the high level of inter-sample variation preclude the possibility of drawing robust conclusions. Most of the potential regional groups are represented by a single sample, confounding any distinguishing between inter-river and inter-regional variation, and many of the differences or lack of differences found among samples may be artefacts of sample size. The number of rivers screened and the samples sizes used in the current analysis are too small, given the levels of variation observed, to draw specific conclusions, and it is only possible to make the general point that the observations strongly suggest that there is substantive regional and inter-river divergence in respect of mtDNA variation. Despite its limitations and preliminary nature, this study significantly advances understanding of intra-and interpopulation mtDNA SNP variation in European Atlantic salmon stocks. It clarifies the considerable potential for using mtDNA SNPs to enhance the assignment success and resolution of microsatellitebased tools such as the SALSEA-Merge GRAASP, alone or in combination with nuclear SNPs. Enhancement of the SALSEA-Merge GRAASP, by integrating in the most informative of these two marker types, is likely to become increasingly costeffective, given ongoing advances in the speed and cost of screening SNPs, relative to microsatellite loci. These technological advances will also facilitate the further exploration of population differentiation required to assess more fully the potential offered by SNPs and to identify the SNPs that are most useful, as well as the development of the detailed population baseline data for chosen markers required for accurate assignment. However, further work is required to establish the full extent of regional and inter-river mtDNA differentiation in Atlantic salmon stocks, and the extent to which this could be exploited for assignment of natal origin.
Supplementary material
Supplementary material is available at the ICESJMS online version of the paper. This contains the composite SNP profile for each of the 139 haplotypes observed and provides the NCBI RefSNP(rs) for each SNP.
